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Abstract. Although many attempts have been made to enable creative 
and effective design activities using a computer, many design 
activities depend on the designer’s personal ability and are learned 
through interpersonal communication. These limitations are thought to 
be due to the fact that the knowledge we use does not cover the entire 
design process, comprising the problem-forming process and the 
problem-solving process, in a systematic manner. In this study, a 
method of dealing with the design information, in which the problem-
forming process is considered, and dealt with simultaneously the 
problem-solving process, is proposed. This method is composed of 
three steps: (1) determination of the evaluation function from the 
shape, (2) synthesis (composition) of the evaluation function, and (3) 
generation of the shape candidates from the evaluation function. 
Interaction with a computer system implementing this method is 
expected to assist the shape design at an early stage.  In this study, this 
method is developed and realized in a computer system. 
1. Introduction 
Many attempts have been made to enable creative and effective design 
activities using a computer. Although these attempts have been somewhat 
successful, we must admit that these successes are highly limited and many 
design activities are still dependent on the designer’s personal ability. The 
primary reason for these limited successes is that we cannot outline the 
whole process of design systematically. That is, our attempts to computerize 
the design process have focused only on one side, the problem-solving 
processes, while a design actually involves two processes: a problem-
forming process and a problem-solving process. The former process has 
been studied practically with a cognitive concern for 'creativity' (Gero 1996; 
Finke et al. 1992; Tversky and Kahneman 1981; Weisberg 1992) and the 
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'efficiency' (Chapman and Jakiela 1994; Paul and Beitz 1997; Takeda et al. 
1990; Tutiya 1993). 
Here, a problem-forming process can be regarded as a process that 
defines a certain design space by determining an evaluation function, 
constraints and some parameters. In conventional studies on the design 
process, the determination of these factors had to be done by humans. Once 
such a design state space had been clearly defined, the remainder of the 
design process could be regarded as a step-by-step problem-solving process 
(e.g., Paul and Beitz 1997, Takeda et al. 1990) and was usually formalized 
by using some optimization techniques. However, it is difficult for the 
designer to define this initial design state space in practical design processes 
except under laboratory conditions. Cognitive studies on the ‘creative’ 
design process (Gero 1996; Finke et al. 1992) have pointed out the 
importance of dynamically changing such a design space; however, there are 
few studies that have manipulated the problem-forming process by 
computational methods. 
The purpose of this study is to render the problem-forming process 
operatable with computers. In concrete terms, we focus on the dynamical 
changes of an evaluation function as a representative of a design state space 
and implement the function in our proposed interactive design support 
system in the domain of shape design. We call this design process 'Strategic 
Shape Design' in which it is necessary to manage two processes, the 
problem-forming process and the problem-solving process. 
In Strategic Shape Design, the design state space plays a more important 
role than simply being the necessary condition for designing a shape, namely, 
it has a role as a certain alternative representation for the design solution. 
The reason is that the design state space corresponds to the trend of what the 
design solution should be. Therefore, searching for a design solution can be 
replaced with searching for a design state space, which is  more abstract than 
the design solution itself. This replacement is expected to enable us to 
examine the design process at a more conceptual level. 
In the next section, our proposed method is outlined. The third section 
presents to the system architecture of our proposed system. The fourth 
section shows some experimental results. Finally, our conclusions are 
presented. 
2. Outline of New Method 
The ndustrial design process includes several phases, such as investigation 
of customer needs, conceptualization, and preliminary refinement… etc 
(Ulrich and Eppinger 1995). In particular, the early phases, 
conceptualization and preliminary refinement, are known to be important   STRATEGIC SHAPE DESIGN  3 
 
processes for deciding the quality of the product, but are difficult processes 
to represent using computational terminology. These phases, 
conceptualization and preliminary refinement, correspond to the above-
mentioned problem-forming process. Here, important issues are how we 
should represent ‘conceptualization’ and how we should manipulate the 
concept to achieve ‘preliminary refinement’. 
A form feature model (Ludy, Dixon and Simmons 1986) is one means of 
representing the ‘concept’ by expressing form features directly. Although we 
have made some attempts which are similar to a form feature model, most of 
them unintentionally fixed the features in the design process. If the 
representation of the ‘concept’ is fixed, the ‘preliminary refinement’ phase 
will also converge instantaneously. In contrast, outstanding designers are 
considered to avoid such sudden convergence by changing the representation 
of the ‘concept’ dynamically. Suwa et al. (1997, 1996) pointed out that 
professional designers excel in discovering more new viewpoints from the 
same drawings than others do. Also, professional designers themselves 
discover clues to new viewpoints in the process of sketching by hand. Suwa 
reported that sketching by hand is sufficiently ambiguous for designers to 
find new ideas. 
Sometimes the ‘concept’ can be expressed as a subset of form features 
the expressed by the exaggeration of some parts of features. Therefore, in 
order to represent the ‘conceptualization’ phase, more abstract and 
fundamental expressions are needed. In this study, we focus on an evaluation 
function which is a necessary component for establishing the design state 
space, and implement it as a function expression by using genetic 
programming (GP, Koza 1992) methods. Expressing an evaluation function 
by GP enables us to manipulate it (e.g., to change, to synthesize and so 
forth,…etc), and such manipulation of an evaluation function corresponds to 
the ‘preliminary refinement’ phase. 
However, even if an evaluation function becomes manipulatable through 
GP expression, the designer cannot grasp such GP expressions directly. The 
designer cannot help constantly judging whether or not the evaluation 
function given by the system is valid through considering the practical 
shapes resulting from the problem-solving process using the tentative 
evaluation function. For such interaction, our proposed system must be 
equipped with an interface which allows the designer to select favourite 
shapes from among a number of choices. Summarizing the above 
discussions, we assume the following hypothesis. 
Hypothesis: A method of dealing with shape information, in which the 
evaluation function is determined from the shape, then synthesized and 4  T TAURA, T SHIOSE AND R ISHIDA   
 
applied to the shape through interface with the designer, is effective in the 
early stage of shape design 
In this study, we develop a method of realizing and verifying the above 
hypothesis. In order to operate the evaluation function using a computer, the 
method involves the following steps. Steps (1) and (2) are part of the 
'problem-forming process' and step (3) is part of the 'problem-solving 
process'. 
  
 
Figure 1.  Concept of strategic shape design 
1.  Obtaining the evaluation function  
    Usually, a designer cannot express his/her own evaluation function 
explicitly. Therefore, in this method the evaluation function is obtained in 
the following two ways. 
(a) Obtaining the evaluation functions from shape samples. 
The evaluation function is acquired autonomously from some shape samples 
by the computer. This process appears to be the opposite of the 
conventional design process in which the shape candidates or shape 
solutions are generated using the evaluation function.  
(b) Obtaining the evaluation functions from the designer’s preferences. 
The acquired evaluation function is not guaranteed to be equal to the 
designer’s implicit evaluation function. Therefore, it must be verified 
whether or not the obtained evaluation function will indeed yield shapes 
which the designer will choose. 
2.  Synthesizing (composing) the evaluation functions 
In this phase, new evaluation functions are synthesized (composed), 
using GP. This operation has two roles. The first one is to adapt the 
evaluation function to the designer's concept. The second one is to change 
the concept or to combine a number of concepts intentionally in order to 
present the designer with a new viewpoint. 
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  In this phase, the shape candidates are generated, using the genetic 
algorithm method (GA), from the new synthesized (composed) evaluation 
functions and shown to the designer. 
3. System Architecture 
Here, the above-mentioned three phases of strategic design are described in 
detail. 
3.1 AUTONOMOUS EVALUATION-FUNCTION-ACQUIRING PROCESS 
In our experiments, an evaluation function is represented by a tree structure 
(an example of an evaluation function is shown in Figure 2). This tree 
structure usually has two types of nodes: a terminal node and a nonterminal 
node. The former one is represented by one of the variables which describe 
the target design shape. The latter one is represented by operations (e.g., the 
four basic operations of arithmetic, some conditional clauses, and so forth). 
One conditional clause enables us to express qualitative relationships among 
variables that describe the shape and, as a result, provides a powerful 
representation of what the user wants to express. 
 
 
Figure 2. An example of evaluation function 
At the beginning of the design process, the system must specify primitive 
evaluation functions (PEF) from some sample shapes (the number of sample 
shapes is N0). The autonomous evaluation function acquisition system 
(AES) holds the determined number (N1) of functions as individuals in GP 
and acquires the evaluation function by evolving the individuals. Then, the 
individuals are sent to the shape forming system (SFS) (P1 in Figure 3), the 
details of which are explained in 3-3, and the shapes which fit the PEFs are 
generated using GA. These shapes are sent to the evaluation system of the 
AES and compared with the original sample shapes (P2 in Figure3). The 
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acquired shapes and the original shapes. The individuals are also evaluated 
through interaction with the user (P3 in Figure 3) via interactive evolutional 
computation algorithms. 
 
 
Figure 3. System architecture 
Here, the user is defined to be part of the loop in order to estimate the 
number of evaluation functions per T times of P2. The reason for this is to 
reduce the user’s work load in selecting the evaluation function.  
3.2 EVALUATION-FUNCTION-SYNTHESIZING PROCESS 
  Next, the evaluation-function-synthesizing system (EFS) acquires the 
determined number (N0) of functions as the PEFs from the above-mentioned 
AES. EFS holds the determined number (N1) of functions as individuals,   STRATEGIC SHAPE DESIGN  7 
 
and the validity of the new evaluation functions is estimated by the 
following method. 
1.  First, EFS generates the new evaluation functions (Ej) by combining or 
rearranging the PEFs (P4 in Figure 3). In particular, the balance of 
combined PEFs is represented by 
Ej=ΣiWij*PEFi+WMj*EMj, (i=1,…,N0,  j=1,…,N1), 
where ΣiWij+ WMj=1.0. Here, Wij and WMj represent coefficient values 
for defining the balance of combined PEFs. EMj stands for the appendant 
evaluation functions that widen and accentuate the range of the new 
evaluation function (Ej)’s expressions. Figure 4 shows the conceptual 
image of such combined evaluation functions. 
2.  Next, the individuals of such new evaluation functions are sent to SFS, 
as in the case of the above-mentioned P1 (P5 in Figure 3). 
3.  Then, the shapes are validated through interaction with the user (P6 in 
Figure 3). In particular, the new evaluation functions are updated by a 
kind of interactive GP. Concretely, the balance of combinations is 
changed by updating the coefficient values of equation (1) and the 
mutation operator is also applied to the appendant evaluation function 
EM. 
 
  
Figure 4. Conceptual image of synchronization process 
3.3 SHAPE-FORMING PROCESS 
The evaluation functions newly obtained in EFS are sent to the shape-
forming system (SFS) (P7 in Figure3). SFS holds the same number of 
genetic pools for each evaluation function. It is a gene in the genetic 
algorithm method, the phenotype of which is the representation of shape, 
and generates the best-fitting shape for each evaluation function by evolving 
the individuals.  8  T TAURA, T SHIOSE AND R ISHIDA   
 
4. Experiments 
In this study, we asked subjects to solve a given design problem using our 
proposed method. We believe that the effectiveness of this method can be 
verified if the balance of synthesized evaluation functions converges to a 
certain value. Some subjects were asked to “design a car shaped like a 
dolphin.” First, the subject had to imagine the shapes of a car and of a 
dolphin respectively, and then design the assigned object by combining the 
two different images. Figure 5 shows sample shapes of a car and a dolphin. 
 
         
(a)  Car    (b)  Dolphin 
Figure 5. Sample shapes of a car and a dolphin 
 4.1 SET OF EXPERIMENTS 
Each image has a default format and it is described by 19 variables (e.g., the 
width of the bottom, the curvature of the side, etc.). Then, the evaluation 
function is described by these 19 variables as terminal nodes and by these 
following operations as nonterminal nodes (see Table 1). 
 TABLE 1. Nonterminal nodes in evaluation functions 
+ Addition 
- Subtraction 
* Multiplication 
/ Division 
RETURN 100  IF(argument1>argument2)THEN(return 100)ELSE(0) 
RETURN 50  IF(argument1>argument2)THEN(return 50)ELSE(0) 
  
Additionally, the parameters for GP (applied in AES and EFS) and the 
parameters for the genetic algorithm (applied in SFS) are given as follows 
(see Tables 2 and 3, respectively).   STRATEGIC SHAPE DESIGN  9 
 
TABLE 2. Parameters in GP 
Population size (N1)  100
Number of generation  100
User Interaction Rate: T  10 
Crossover probability  0.8 
Mutation probability  0.5 
Inversion probability  0.5 
  
TABLE 3. Parameters in GA 
Population size  50 
Number of generation  50 
Crossover probability  0.5 
Mutation probability  0.2 
  
SFS displayed 12 shapes to the user and the user’s selection was fed back 
to the AES as a reinforcement signal (P3 in Figure 3). 
4.2 FIRST PHASE (AUTONOMOUS EVALUATION-FUNCTION-ACQUIRING 
PROCESS) 
At the beginning of Phase 1, AES was required to generate two primitive 
evaluation functions (Ec and Ed) corresponding to the two sample shapes of 
a car and a dolphin, by means of  the above-mentioned three phases (P1, P2, 
P3). Here, Figure 6 shows an example of the acquired PEFs (Ed) and Figure 
7 shows example shapes generated from the PEF. 
  Figure 6 shows an example of the acquired evaluation function for the 
shape of a dolphin (Ed). The right part of Figure 6 represents part of the tree 
structure for the underlined term in the left part of Figure 6. Here, we can see 
that this evaluation function estimates whether or not the shape has the 
narrow parts of the tail and fins (because the terminal node (Y8/Y9) 
corresponds to such narrow parts). 
4.3 SECOND PHASE (EVALUATION-FUNCTION-SYNTHESIZING 
PROCESS) 
EFS must combine with the acquired PEFs and update the new acquired 
evaluation functions. Figure 8 shows the acquired shapes after 10 10  T TAURA, T SHIOSE AND R ISHIDA   
 
generations from each new evaluation function. Additionally, Figure 9 
shows the change in the balance of combined PEFs. 
 
  
Figure 6. Example of the Acquired Evaluation Function (Ed) 
  
 
 
 
Figure 7. Example shape generated from the New Evaluation Function (Ed) 
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(a) 10th generation    (b) 20th generation 
Figure 8. Example shape generated from the New Evaluation Function 
 
 Figure 9. Changes in the combining balance 
Figure 9 shows that at the beginning of interaction, the balance among 
synthesized evaluation functions fluctuates. After several interactions 
between the subject and the system, it was found that this balance converged 
to a certain value. 
4.4 DISCUSSION 
In this experiment, our proposed method could be used to combine the 
primitive evaluation functions acquired from the sample shapes and provide 
the subject with new candidates generated from the synthesized evaluation 
functions. Our proposed method may help the subjects to design new shapes 
since the balance among synthesized evaluation functions converged to a 
certain value. 
5. Conclusions and Future Work 
 In this study, we demonstrated that the entire design process is composed of 
two processes: the problem-forming process and the problem-solving 
process. We suggested a new method, called “strategic shape design”, for 
realizing both processes, and implemented it by using interactive GP and GA 
Experimental results verified that our proposed strategic shape design 
enables us to combine different images without losing the key characteristics 
that define each shape. 12  T TAURA, T SHIOSE AND R ISHIDA   
 
  In future work, we must verify the effectiveness of synthesizing 
evaluation functions through comparison with other methods of supporting 
the early stage of the design process. 
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